The Hdmx protein restricts p53 activity in vivo and is overexpressed in a significant fraction of human tumors that retain the wild type p53 allele. An understanding of how Hdmx limits p53 activation and blocks apoptosis could therefore lead to development of novel therapeutic agents. We previously showed that Hdmx modulates tumor cell sensitivity to Nutlin-3a, a potent antagonist of the p53/ Hdm2 interaction. In this report, we demonstrate that this also applies to MI-219, another Hdm2 antagonist. Thus, the inability to disrupt Hdmx/p53 complexes is a potential barrier to the efficacy of these compounds as single agents. We show that sensitivity to apoptosis in cells with high Hdmx levels is restored by combined treatment with Nutlin and a Bcl-2 family member antagonist to activate Bax. The data are consistent with a model in which Hdmx attenuates p53-dependent activation of the intrinsic apoptotic pathway, and that this occurs upstream of Bax activation. Thus, selectively inhibiting Hdm2 and activating Bax is one effective strategy to induce apoptosis in tumors with high Hdmx levels. Our findings also indicate that preferential induction of apoptosis in tumor versus normal cells occurs using appropriate drug doses.
Introduction
The p53 tumor suppressor is inactivated in roughly half of all human cancers due to altered expression of its upstream regulators including Arf and Hdm2. 1 Hdm2 is an E3 ubiquitin ligase that antagonizes p53-dependent transactivation and targets it to the proteasome for degradation. Arf is a tumor suppressor that antagonizes Hdm2 function, leading to p53 activation. Correspondingly, loss of arf and/or overexpression of Hdm2 are common events in tumors that retain wild type p53. 2, 3 Hdmx, an Hdm2 homolog, is also overexpressed in tumors with wild type p53, usually in the absence of arf or Hdm2 alterations. 4 Thus, during tumorigenesis, selection for elevated Hdm2 or Hdmx is an effective mechanism to inhibit p53 tumor suppressor function. Hdmx is an effective inhibitor of p53-dependent transactivation, but has no intrinsic ability to degrade p53. 5 However, Hdmx co-operates with Hdm2 to stimulate p53 degradation. 6, 7 Importantly, both Hdm2 and Hdmx are essential p53 negative regulators since deleting either of the murine homologs results in early embryonic lethality that is rescued by p53 deletion. [8] [9] [10] In light of these observations, Hdm2 and Hdmx are attractive targets for development of p53 agonists in tumors that encode wild type p53. In principle this can be achieved in at least three ways. First is the use of antagonists that disrupt Hdm2 and/or Hdmx-p53 interactions. The use of small molecules, including the cis-imidazoline compound Nutlin-3a, demonstrates the success of such an approach. 11, 12 However, despite the significant amino acid similarities in the p53 binding sites of Hdm2 and Hdmx, the differences are sufficient to prevent significant disruption of Hdmx/p53 interactions by Nutlin-3a. 13-15 Thus, the development of Hdmxspecific antagonists is an attractive strategy for use either as a single agent, or in combination with Hdm2 inhibitors.
A second approach is to use small molecules that promote the destabilization or degradation of Hdm2 or Hdmx, since in vitro studies indicate that their degradation is required for p53 activation. 16 However, such molecules are not currently available, and await elucidation of factors that control Hdm2 and Hdmx stability in vivo.
A third strategy is to trigger tumor cell death by directly activating the core apoptotic machinery. This latter approach may be particularly effective when combined with agents that activate p53, since p53 target genes contribute to apoptosis induction (see below). Both 'extrinsic' and 'intrinsic' pathways can trigger cell death in vitro and in vivo. 17 The intrinsic pathway is activated by changes in mitochondrial function that induce cytochrome c release and activate caspases. Pro-and anti-apoptotic Bcl-2 family proteins interact in a complex network, and set the threshold for apoptosis in response to stress. 18 Apoptotic signals are transduced through this network and converge on the 'effector BH3 proteins', Bax and Bak. Conformational changes in Bax at the mitochondria lead to the release of cytochrome c and caspase activation. This activity of Bax is inhibited by anti-apoptotic Bcl-2 homologs that interact with Bax itself, or with upstream 'activator BH3 proteins'. Notably the level of Mcl-1, a Bcl-2 family member that antagonizes pro-apoptotic Bax and Bak, is a determinant of cell survival in response to multiple apoptotic stimuli. Mcl-1 levels are increased by survival signals such as cytokines, and decreased by apoptotic stimuli such as UV irradiation. 19, 20 Mcl-1 downregulation results from transcriptional repression, increased proteasome-dependent degradation or caspase activation. 21, 22 Since anti-apoptotic proteins are frequently upregulated in cancer, they are also attractive therapeutic targets. 23 ABT-737, a BH3 mimetic, antagonizes multiple Bcl-2 family members, thereby sensitizing cells to Bak-and Bax-induced apoptosis. 24, 25 Importantly, the p53 pathway also converges on the mitochondrion to trigger the intrinsic death pathway by inducing transcriptional targets including the pro-apoptotic proteins Bax, Noxa and PUMA. 26 p53 itself may also promote apoptosis independent of its transactivation function by activating Bax or by directly interacting with mitochondria. 27, 28 Therefore, drugs such as ABT-737 may enhance p53-dependent apoptosis transduced via the mitochondria.
Here we determine whether another class of Hdm2 antagonist, the spiro-oxindole MI-219 29 , can prevent Hdmx binding to p53, and whether this is associated with increased apoptosis compared to Nutlin-3a. We show that MI-219 activates p53 as effectively as Nutlin-3a, but neither drug appreciably affects Hdmx binding. Hdmx overexpression reduced apoptosis by blocking p53 transactivation of targets such as Bax, PUMA and Noxa. Importantly, by engaging the intrinsic apoptotic pathway with ABT-737, we restored Bax activation and sensitivity to Nutlin-induced death in multiple cell lines. These data indicate that priming the intrinsic death pathway can abrogate Hdmx-mediated inhibition of apoptosis. Appropriate dosing revealed that combination treatment selectively induced apoptosis in tumor versus normal cells, suggesting a favorable therapeutic index may be achievable using this drug combination strategy.
Materials and Methods

Cell culture and drug treatments
SJSA, MCF7 and derivatives were grown in DMEM/10% FBS plus CIP and Fungizone (GIBCO). BL cells (Professor Martin Allday, Imperial College, London) were grown in RPMI/ 10% heat inactivated FBS. MEFs were grown in DMEM/15% FBS/100 μM betamercaptoethanol at 3% oxygen. WS1 cells were from ATCC and grown as described previously. 16 Nutlin-3a was supplied by Lyubomir Vassilev (Roche, Nutley, New Jersey). MI-219 and MI-426 were supplied by Dajun Yang and Nathalie Bruey-Sedano (Ascenta Therapeutics, San Diego, CA). ABT-737 was supplied by Stephen Fesik (Abbott Laboratories, Illinois). MG132 was from Calbiochem (San Diego, CA). zVAD-fmk was from MBL International (Woburn, MA). Reagents were dissolved in DMSO to give 10mM stock solutions.
Plasmids and viral infections
Hdmx cDNA was originally from Dr Aart Jochemsen (Leiden University, Netherlands). Hdmx tagged at the N terminus with a 2xHA epitope and the G57A Hdmx mutant were made by PCR and mutagenesis (sequences on request). Untagged and HA tagged Hdmx constructs were subcloned into the pKEY-GFP lentiviral backbone (Dr Kristine Yoder) for infection of SJSA cells. p53-DD was subcloned into pCLNCX retrovirus and resistant SJSA cells were selected in 800ug/ml G418 (GIBCO). Viral infections were as previously described. 15
Quantitative PCR
RNA and quantitative PCR were performed as previously described. 15, 30 Sequences of primers are in Supplementary Table 1.
Cell death assays
Adherent and floating cells were harvested and subjected to trypan blue counts for initial evaluation of cell death. Following 2 × PBS washes, cells were fixed in 70% ethanol and stained with propidium iodide solution (final 1 μg/ml, SIGMA) containing RNAseA (final 200 μg/ml) for a minimum of 2h prior to FACS analysis (Becton-Dickinson) of the subG1 population. For Hdmx siRNA/ABT-737 experiments, MCF7 were seeded at 25-30% confluence at the time of siRNA transfection, and ABT-737 was added 24h later. Cells were harvested 24-48h postaddition of ABT-737. For colony formation assays, cells were plated at 2000/10cm plate and colonies were allowed to form (~5 days) before addition of Nutlin-3a and/or ABT-737, which were continuously present. After ~7d, cells were fixed in 4% formaldehyde and stained with crystal violet prior to colony counting. For AnnexinV (Pharmingen) assays, samples were normalized for cell number and washed once in PBS-prior to resuspension in 300ul binding buffer (10mM HEPES pH7.4, 150mM NaCl, 5mM KCl, 1mM MgCl2, 1.8mM CaCl2) containing AnnexinV diluted 1:100. After incubation for 10 min on ice, cells were analyzed for AnnexinV binding by FACS.
Immunofluorescence
Cells were fixed in 4% formaldehyde 10 min RT and permeabilized in 0.2% CHAPS/PBS for 5 min RT. Following a wash in PBS/0.02% Tween20, cells were blocked in PBS/0.02% Tween20/10% normal goat serum for 20 min. A mix of anti-Bax (monoclonal 6A7, 1:200, Exalpha) and anti-p21 (monoclonal IgG2a, 1:400, Transduction Labs) was added overnight at 4 degrees. Following 3 washes in PBS/0.02% Tween20, isotype-specific secondaries (1:1500, Molecular Probes) with 1ug/ml Hoechst were added for 1h RT. Cells were washed in PBS/ 0.02% Tween20 followed by distilled water, dehydrated in 100% ethanol and mounted in Vectashield (Vector Labs).
Western blotting and immunoprecipitations
Blots were performed as described previously. 16 Antibodies and dilutions were: Hdm2 (SMP14, IF2, 4B2, all from Oncogene, 1:500 each), Hdmx (BL1258 (1:5000), Bethyl Labs), p53 (mouse 1:2000, DO-1, Oncogene), actin (rabbit 1:10,000, SIGMA), tubulin (mouse 1:500,000, SIGMA), p21 (rabbit 1:1500, Santa Cruz C-19), full length caspase 9 (rabbit, 1:1000, Santa Cruz), full length and cleaved caspase-3 (rabbit 1:1000, Cell Signaling Technology), PUMA (rabbit 1:500, ProSci #3043), Mcl-1 (rabbit 1:2000, S-19, Santa Cruz), Bcl-XL (1:1000, BD Pharmingen #551259). Immunoprecipitations were performed using agarose-conjugated FL-393 for p53 (Santa Cruz), or HA.11 for Hdmx (BabCo) per the manufacturer's recommendations. 500 μg of total lysate was used for each IP as described previously. 15
Results
The spiro-oxindole MI-219 exhibits equivalent potency as Nutlin-3a as a p53 activator, but does not prevent Hdmx binding Hdmx level is a determinant of sensitivity to the Hdm2 antagonist Nutlin-3a, since Hdmx can still bind to p53 in the presence of the drug. 13-15 We therefore evaluated whether the chemically distinct spiro-oxindole Hdm2 antagonist MI-219 29 exhibits broader activity and antagonizes Hdmx/p53 interaction. Figure 1A shows that, although there were differences in the magnitude of p53 stabilization, MI-219 and Nutlin-3a exhibited similar potencies with regard to p53 activation (evaluated by p21 mRNA induction) at 24h post-treatment. This effect is likely general as it occurs in both murine embryonic fibroblasts and human MCF7 breast carcinoma cells. As previously reported, Hdmx degradation is attenuated following treatment of MCF7 cells with Nutlin-3a 15 , and MI-219 also failed to induce Hdmx degradation in these cells. Both compounds were effective antagonists of the Hdm2/p53 interaction but, strikingly, neither compound disrupted Hdmx/p53 complexes ( Figure 1B ). Note that the amount of Hdm2 associated with p53 was significantly reduced after Nutlin-3a or MI-219 treatment compared to untreated cells (compare the amount of co-immunoprecipitated Hdm2 in lanes 5-7 with the Hdm2 input in lanes 1-3). Nutlin-3a and MI-219 also resulted in higher p53 and Hdm2 levels than proteasome inhibition (PI), yet less Hdm2 was co-precipitated with p53 in the presence of the Hdm2 antagonists (compare lanes [6] [7] [8] . This also indicates that p53/Hdm2 complexes are stabilized by PI, but destabilized or prevented from forming by Hdm2 antagonists. Conversely, we observed that the Hdmx/p53 interaction was not reduced by either Nutlin-3a or MI-219. This is concordant with in vitro Biacore studies showing that both Nutlin-3a and MI-219 bind with significantly higher affinities to Hdm2 than to Hdmx (31 and Dajun Yang, personal communication). Consistent with their similar activation of p53 transcription, Nutlin-3a and MI-219 induced a similar level of apoptosis in SJSA osteosarcoma cells ( Figure  1C ).
Hdmx binding to p53 mediates protection against Nutlin-induced apoptosis
Since Nutlin-3a and MI-219 do not effectively antagonize p53/Hdmx interaction, we reasoned that Hdmx overexpression would reduce apoptosis induced by these agents. We tested this hypothesis by comparing apoptosis induction in SJSA cells, which express high levels of Hdm2, very little Hdmx and are highly sensitive to Nutlin-induced cell death 32 , to an SJSA derivative we engineered to stably overexpress Hdmx (SJSA-X). Western analysis and viability assays showed that both Nutlin and MI-219 were equally effective in reducing SJSA viability. Furthermore, Hdmx blocked caspase-3 activation, and increased survival following treatment with Nutlin-3a and MI-219 (Figure 2A and B). The protection required Hdmx binding to p53, since the Hdmx p53 binding mutant, G57A, failed to protect against Nutlin-induced apoptosis despite being expressed at similar levels as WT Hdmx ( Figure 2C ). Apoptosis can be triggered by p53-dependent transcription of pro-apoptotic genes and/or by microRNAs that downregulate survival proteins. 26, 33 Therefore, Hdmx suppression of Nutlin-induced death may be due to reduced p53 target gene expression. To investigate this, we compared the expression of p53 gene targets in SJSA and SJSA-X cells. Induction of p21 mRNA and protein was significantly decreased in SJSA-X cells ( Figures 2D and 3A) . At 48h, the apparent increase in p21 in SJSA-X cells relative to SJSA is likely due to significant apoptosis and consequent p21 degradation in SJSA cells. The induction of most pro-apoptotic genes, including those encoding the BH3 proteins PUMA and Noxa, was also significantly reduced by Hdmx overexpression ( Figure 3A and data not shown). Taken together, these data show that Hdmx suppresses p53 transactivation of multiple pro-apoptotic target genes, thereby reducing the apoptotic response.
In addition to examining pro-apoptotic Bcl-2 family members, we also analyzed levels of the anti-apoptotic proteins Bcl-XL and Mcl-1 ( Figures 2D and 3B ). Bcl-XL levels were unchanged until 48h in SJSA cells, by which time almost all the cells had undergone apoptosis. In contrast, significant decreases in Mcl-1 protein levels occurred as early as 8h following Nutlin-3a treatment in SJSA cells, but did not change in apoptosis-resistant SJSA-X cells ( Figure 3B ). Downregulation of Mcl-1 can be a cause or consequence of apoptosis, depending on the stimulus, cell type and time of analysis. 21 To determine whether Mcl-1 degradation occurred prior to or following apoptosis, we pretreated SJSA cells with the caspase inhibitor zVAD before treatment with Nutlin-3a. zVAD blocked both caspase-3 activation and downregulation of Mcl-1, suggesting that Mcl-1 downregulation is caspase-dependent, ( Figure 3C ). Additionally, this indicates that Mcl-1 cleavage is a consequence, rather than a cause of, apoptosis induced by Nutlin-3a. Together, these data indicate that Nutlin-induced death involves induction of pro-apoptotic p53 target genes, and downregulation of anti-apoptotic Bcl-2 family members. By preventing p53 activation, Hdmx suppresses both events, thereby blocking cell death.
We examined additional cell lines to determine whether there was a general ability of Hdmx to inhibit apoptosis. The Nutlin-sensitive Burkitt lymphoma line BL2 15 , also exhibited Mcl-1 downregulation concomitant with Nutlin-mediated p53 activation and Hdmx degradation ( Figure 3D ). While Mcl-1 degradation is caspase-dependent, Hdmx degradation is not ( Figure  3D ), and is mainly due to p53-mediated activation of Hdm2. By contrast, in Nutlin-resistant BL40 cells, neither Hdmx nor Mcl-1 was downregulated, and caspase-3 was not activated (lanes 4-6). Absence of caspase activation in BL40 cells was not due to lack of caspase-3 expression (Supplementary Figure 1) . These data indicate that the ability of Nutlin-3a to induce Hdmx degradation precedes caspase activation, and is one of the triggers of the apoptotic response.
Bcl2 family inhibition overcomes Hdmx-dependent protection
Changes in the ratio and specific interactions between pro-and anti-apoptotic proteins are integrated at the mitochondria, which are critical mediators of the intrinsic apoptosis pathway. Our observations suggest that the ability of Hdmx to antagonize p53 transactivation affects the levels of pro-and anti-apoptotic Bcl-2 family members, which determines cell fate following Nutlin-3a treatment. Therefore, agents that activate the intrinsic death pathway might synergize with p53 agonists to trigger apoptosis in tumor cells expressing high Hdmx levels.
We compared components of the intrinsic apoptotic pathway between SJSA and SJSA-X cells. To determine which molecular events Hdmx might inhibit, we initially focused on Bax activation, since it is a pro-apoptotic molecule implicated in p53-dependent apoptosis. 34, 35 Since Bax insertion into the mitochondria triggers release of cytochrome c and caspase activation 36 , we quantified Bax activation by the appearance of immunofluorescent foci following incubation with the conformation-specific antibody 6A7. 37 Untreated cells exhibited diffuse cytosolic 6A7 immunoreactivity, without significant focal localization at mitochondria. By contrast, parental SJSA cells treated with Nutlin-3a exhibited obvious punctate cytoplasmic fluorescence by 48h treatment, consistent with marked apoptosis at this time ( Figure 4A) . Notably, maximal Bax activation occurs in the presence of the caspase inhibitor zVAD. This is most likely because cells are lost rapidly once Bax is inserted into the mitochondria and apoptosis is initiated. 38, 39 Importantly, Hdmx overexpression in SJSA-X cells significantly reduced p53 activation of endogenous target genes such as p21. Bax activation was significantly reduced, and the number of viable cells was increased (Figures 2  and 4B ). These data indicate that Hdmx attenuates p53 transactivation and consequent Bax activation, mitochondrial disruption and induction of apoptosis.
If Bax activation is a limiting event in apoptosis in cells overexpressing Hdmx, then small molecule activation of Bax in combination with Nutlin-3a should efficiently kill SJSA-X cells. We investigated this by treating cells with Nutlin-3a alone or in combination with ABT-737, a BH3 mimetic that antagonizes pro-survival Bcl-2 family members and promotes the release of Bax and Bak. 40 In this liberated, latent form, Bax is susceptible to activation by other proapoptotic BH3 proteins. In SJSA cells, 24h treatment with Nutlin-3a induced low levels of Bax activation and apoptosis ( Figure 4C and data not shown). Similarly, Bax was not activated when cells were treated solely with ABT-737. This is consistent with previous data indicating that antagonism of Bcl-2 family members alone is insufficient to activate Bax. 25 Strikingly, combined Nutlin-3a and ABT-737 treatment for 24h robustly activated Bax compared to either treatment alone ( Figure 4C ). We did not observe enhanced suppression of colony outgrowth after combination treatment in parental SJSA cells compared to Nutlin alone ( Figure 4D ). This is probably because sustained Nutlin exposure alone potently induces apoptosis in SJSA cells, which express very low levels of Hdmx. Importantly however, we found that the Nutlin-3a/ ABT-737 combination sensitized SJSA-X cells to apoptosis ( Figure 4D ). Despite the sensitization of SJSA-X cells, the frequency of Bax-positive cells was lower than in parental cells ( Figure 4C ). This presumably relates to heterogenous Hdmx expression levels in this nonclonal population, leading to more robust Hdmx-dependent suppression of p53 activation in some cells. However as shown in longer term colony formation assays ( Figure 4D ), all SJSA-X cells eventually died, indicating that the Hdmx expression levels were not sufficient to block the effects of combined Nutlin-3a/ABT-737 treatment. This effect was not observed in SJSA cells in which p53 function was disabled by overexpression of a dominant-negative p53 mutant (p53-DD, Supplementary Figure 2) . Thus, although ABT-737 can induce p53-independent cell death 40 , its major effect in these cells is to enhance p53-dependent apoptosis. These data indicate that suppression of p53-dependent apoptosis by Hdmx occurs upstream of Bax activation. Furthermore, they suggest that a combination of p53 activation and pro-apoptotic BH3 agonists is a potent death stimulus in cells that overexpress Hdmx.
We next determined whether ABT-737 could be used to sensitize MCF7 cells to Nutlin-induced apoptosis, since they are resistant to Nutlin-induced cell death due to elevated levels of Hdmx. 15 Consistent with our previous observations, we observed little death following treatment with Nutlin-3a alone, and few cells displayed Bax immunoreactivity ( Figure 5A and 5B). This was despite induction of the pro-apoptotic p53 target, PUMA ( Figure 5C ). ABT-737 alone induced a modest level of apoptosis, in agreement with a recent study of this cell line ( Figure  5A and 25 ) . However, there was a dramatic increase in both Bax activation and cell killing when MCF7 cells were treated with Nutlin-3a and ABT-737 simultaneously ( Figure 5A and B). These data confirm our observation in SJSA cells, and clearly demonstrate that ABT-737 enhances the cytotoxicity of Hdm2 antagonists in cancer cells expressing high endogenous Hdmx levels.
Mcl-1, an anti-apoptotic molecule, is not efficiently antagonized by ABT-737, and the levels of Mcl-1 therefore limit efficacy of the drug. 41, 42 Since we observed Mcl-1 downregulation in SJSA cells following Nutlin-3a treatment, the enhanced toxicity following combined Nutlin-3a and ABT-737 treatment in MCF7 cells could be due to decreased Mcl-1 levels. However, we found that Mcl-1 is not downregulated in MCF7 cells following Nutlin-3a treatment alone, or in combination with ABT-737 ( Figure 5C ). An alternative explanation is that ABT-737 could enhance p53-dependent transactivation. However, we observed no increase in p21 or Hdm2 levels following treatment with ABT-737 alone, and no enhancement of Nutlin-induced p53 transcription by ABT-737 ( Figure 5B, C and data not shown). We infer that Nutlin-3a-mediated induction of pro-apoptotic BH3 proteins such as PUMA, which can antagonize Mcl-1 18 enhances activation of Bax liberated by ABT-737 in MCF7 cells. In effect, Nutlin-3a increases the ratio of pro-to anti-apoptotic proteins, circumventing the need for downregulating Mcl-1. We note that UV irradiation induced Mcl-1 degradation in MCF7 cells, and that this is only partly rescued by the caspase inhibitor, zVAD (data not shown). This indicates that Mcl-1 in MCF7 cells is not resistant to degradation per se. Rather, our data indicate that MCF7 cells lack additional factor(s) required for Nutlin-induced downregulation of Mcl-1.
We next sought to determine the generality of the enhanced toxicity generated by Nutlin-3a and ABT-737 co-treatment. We observed potentiation of apoptosis in Burkitt lymphoma cell lines that are sensitive to Nutlin-3a, as well as those that are resistant to Nutlin3a-induced apoptosis. Figure 5D shows that BL2 cells, despite their sensitivity to apoptosis induced by Nutlin-3a as a single agent, underwent increased cell death in the presence of ABT-737. As previously shown 15 , Nutlin-3a alone did not induce Hdmx degradation or apoptosis in BL40 cells. However, combination treatment significantly increased BL40 cell death. The death in these cells requires p53, since the Nutlin-3a/ABT-737 combination did not induce apoptosis in BL41 cells, which express transactivation-deficient mutant p53. Taken together, our data demonstrate that the attenuation of p53-dependent apoptosis by Hdmx can be abrogated by BH3 activation.
Combined treatment with Nutlin-3a and ABT-737 selectively induces apoptosis in cancer versus normal cells
Ideally, novel anticancer therapeutics should exhibit low toxicity toward normal cells. To date, the effect of combined Nutlin-3a and ABT-737 treatment in normal cells has not been described. In order to evaluate this in our system, we quantified the effect of combination treatment in WS1 normal human fibroblasts compared to MCF7 cells. Figure 6 illustrates that each drug, when used as a single agent, exhibited little toxicity to either cell type. When used alone, Nutlin-3a treatment of both WS1 and MCF7 induced little apoptosis ( Figure 6A ). Instead, there was an accumulation of WS1 cells at G2/M, and a slight increase in MCF7 cells in G1 (see Supplementary Table 2 ). The cell cycle profile of WS1 cells following combined treatment resembled that of Nutlin treatment alone, suggesting that the arrest induced by Nutlin is dominant in these cells (Figure 6A and Supplementary Table 2 ). Importantly, combination treatment induced significantly more apoptosis in MCF7 cells, but not WS1 cells, compared to single agent treatment ( Figure 6B ). The selective induction of apoptosis in MCF7 versus WS1 cells was lost at higher concentrations of Nutlin and ABT-737 (data not shown). These data suggest that preferential targeting of tumor versus normal cells using these drugs may be achieved with an appropriate dosing strategy.
Discussion
Activation of apoptosis in tumor cells by non-genotoxic agents is an attractive anticancer strategy, as it should limit the induction of secondary cancers resulting from genomic damage. Both Nutlin-3a and ABT-737 have proven efficacy in tumor regression studies in animal models, and can induce apoptosis as single agents in some tumor cell lines. However, while p53 is robustly activated in many cell lines treated with Nutlin-3a, a significant fraction of them do not undergo apoptosis. 43 Similarly, ABT-737 is extremely potent in specific subgroups of tumors, yet is less effective as a single agent in others. 24 Together, these observations indicate the existence of additional factors that govern apoptotic sensitivity to such agents. While some of these factors are beginning to be elucidated, such as Hdmx in the case of Nutlin-3a and Mcl-1 in the case of ABT-737, there are likely others to be discovered. The intersection of p53 signaling with intrinsic death pathways suggests that combined treatment with these agents may be an effective strategy. Indeed, this has been demonstrated recently in acute myeloid leukemia. 44 Here, we generalize the efficacy of this combination to Burkitt lymphoma and to epithelial-derived solid tumors, which constitute the majority of human cancers. These studies reveal several novel findings. First, Hdmx antagonizes Nutlin-induced bax activation by binding to p53 and preventing p53-dependent transactivation. Second, the use of BH3 mimetics can abrogate this Hdmx-dependent suppression of apoptosis. Finally, a selective induction of apoptosis in cancer versus normal cells indicates this combination has therapeutic potential.
Nutlin-3a and MI-219 both bind and antagonize Hdm2, yet neither effectively antagonizes Hdmx in most cell types tested. An exception may occur when Nutlin-3a is administered in sites where local delivery and high drug concentrations can be achieved. For example, in one recent study, Nutlin3a was used to treat mouse retinoblastoma, where overexpressed Mdmx mediates p53 inhibition. 31 Nonetheless, new agents that target Hdmx more effectively than Nutlin-3a or MI-219 should be powerful additions to the existing repertoire of targeted therapeutic agents. Hdmx-specific antagonists would also be valuable tools for future molecular mechanistic studies of p53 regulation.
Our data show that Hdmx must be competent for binding the p53 transactivation domain to suppress Nutlin-induced apoptosis, indicating that p53 is the key target for Hdmx's antiapoptotic effect. Additionally, Hdmx attenuated the induction of most pro-apoptotic genes after Nutlin-3a treatment. These data are consistent with a model in which Hdmx predominantly prevents cell death by reducing p53-dependent transactivation of pro-apoptotic genes. Hdmx could limit p53 transactivation by binding to it in the nucleus, or by sequestering it in the cytoplasm. We observe that in SJSA-X cells, Hdmx can translocate to the nucleus following Nutlin-3a treatment (Supplementary Figure 3) , consistent with a nuclear function of Hdmx in p53 inhibition. However, other models suggest p53 has a cytoplasmic role in induction of apoptosis 27, 28 , and our data do not exclude the possibility that Hdmx blocks cytoplasmic p53 functions.
Downregulation of Mcl-1, cleavage of caspase-9 and activation of Bax following Nutlin-3a treatment implicates the intrinsic (mitochondrial) apoptotic pathway as an important mechanism by which Nutlin-3a induces p53-dependent cell death. Mcl-1 downregulation occurs primarily due to caspase activation, and therefore is a consequence, rather than a cause of Nutlin-induced cell death. However, Mcl-1 cleavage should amplify the apoptotic signal, as reported for other systems. 45 The p53 gene targets required for Bax activation, caspase cleavage and apoptosis in response to Nutlin-3a remain to be determined. Screens of multiple tumor types will be required to elucidate the critical effectors and antagonists of Nutlin-induced apoptosis. This type of molecular profiling has already proven useful in predicting sensitivity to BH3 agonists including ABT-737. 46 We propose an analogous classification system might be applied to the response to Nutlin-3a. For example, lack of the effector proteins Bax and Bak lead to a "Class B" apoptotic block in the terminology of Deng et al (46) . The lack of apoptosis in BL40 and MCF7 in response to Nutlin-3a is not due to a Class B block, since both cell lines express Bax, and both undergo some apoptosis in response to ABT-737, which requires these effector proteins ( Figure 5 and data not shown). Alternatively, upstream activators of Bak/Bax may be absent or inadequately induced by p53 following Nutlin-3a treatment of these cell lines (a "Class A" block). p53 target genes that fall into the category of upstream activators of Bax/ Bak are Noxa and PUMA. 18 Noxa levels were higher in SJSA than in SJSA-X cells after Nutlin-3a treatment, which correlates with their sensitivity to apoptosis. However, we did not find a strict correlation between Noxa and sensitivity to Nutlin-3a in other cell types (data not shown). By contrast, PUMA induction was sustained in the Nutlin-sensitive BL2 cells, but transient in Nutlin-resistant BL40 cells, and might therefore contribute to a Class A block in these Burkitt lymphoma cells. A third type of block (Class C) is defined as protection against death via expression of anti-apoptotic Bcl-2 family members. Although our survey of this family was not exhaustive, we can exclude Bcl-2, since it was barely detectable in Nutlinresistant BL40 cells, and high in Nutlin-sensitive BL2 cells (Supplementary Figure 4) . Given the complexity of factors that promote or antagonize apoptosis, analyses of individual BH3 proteins is not likely to reveal the factors preventing death induction by p53 agonists in a cell line or patient biopsy. Rather, global approaches to predict "death signatures" are needed to define the optimal steps in the apoptotic pathway that synergize with p53 activation.
Other mechanisms of resistance to Nutlin-3a that do not directly involve BH3 proteins have been proposed. For example, some cell lines that arrest in G1 due to p21 activation following Nutlin-3a treatment are resistant to apoptosis. 44 However, we note that the majority of cell types treated with Nutlin-3a initially undergo a p53-dependent cell cycle arrest, but not all are protected against apoptosis. 43 We suggest that the apoptotic signals induced by Nutlin-3a might be dominant over any cell cycle effects in some cell types. Nevertheless, in agreement with studies in other cell types 44 , the Nutlin-3a/ABT-737 combination does accelerate the death of SJSA cells. This indicates that p53-dependent apoptosis is enhanced once sufficient Bax is freed from anti-apoptotic Bcl-2 family members. The increased death could be explained in two ways. First, degradation of Mcl-1 triggered by Nutlin-mediated activation of p53 target genes may improve the efficacy of ABT-737, since the latter compound does not antagonize Mcl-1. 25 Alternatively, the liberation of Bax from Bcl-2 and related anti-apoptotic proteins by ABT-737 may lower the threshold at which p53-induced pro-apoptotic proteins trigger apoptosis. We consider the second possibility more likely, since Mcl-1 levels do not decrease in SJSA-X cells, but these cells die following combined Nutlin and ABT-737 treatment. Additionally, increased apoptosis in MCF7 cells following combined Nutlin-3a/ABT-737 treatment is not accompanied by Mcl-1 downregulation.
Together these data indicate that Nutlin-induced apoptosis likely depends on the balance between pro-and anti-apoptotic proteins, which varies between tumor types and subgroups (this study, 42, 46 ) . Since Hdmx knockdown can sensitize cells to Nutlin-3a 15 , targeting Hdmx directly may sensitize cells to activation of the intrinsic apoptotic pathway. In support of this, we observed a modest sensitization to ABT-737 following Hdmx knockdown in MCF7 cells (Supplementary Figure 5) . The p53 target genes PUMA and Bax were not detectably increased after Hdmx knockdown, possibly explaining the modest apoptotic increase (Supplementary Figure 5 , and data not shown). Together these data indicate that Hdmx knockdown alone does not alter the ratio of pro-to anti-apoptotic genes sufficiently to induce apoptosis. Rather, additional p53 activation (such as that provided by Nutlin-3a) is required to initiate cell death.
In vivo studies in mice show that Nutlin-3a as a single agent is well tolerated during a 20-day dosing schedule, with only moderate depletion of lymphocytes (32 and L. Vassilev, personal communication). Similarly, ABT-737 is tolerated in mice at doses that effectively reduce tumor burden, with some depletion of the platelet population. 24, 40 Here, we show for the first time that combined treatment with Nutlin3a and ABT-737 can selectively induce apoptosis in tumor but not normal cells. While our in vitro culture conditions do not recapitulate the tissue architecture and cell-cell contacts in intact animals, they nevertheless encourage future studies examining this drug combination in vivo. Such studies should be designed to determine the minimal doses and drug exposure times that lead to preferential toxicity in tumor versus normal tissues. Importantly, despite its sub-optimal antagonism of Hdmx, Nutlin-3a in combination with ABT-737 is effective even in tumor cells with high Hdmx levels. This treatment may therefore find application in the growing list of tumors that overexpress Hdmx, including retinoblastoma 31 , breast carcinoma 47 and leukemia. 48
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) MCF7 were treated with the indicated drug combinations and subjected to FACS analysis of sub-G1 DNA content. (B) MCF7 were treated with Nutlin-3a or ABT-737, or with the combination for 24h, and stained for p21 (green) and active Bax (red). Comparison of lower panels reveals the extent of Bax activation in the combination treatment when caspase activity is blocked. (C) Western analysis of MCF7 treated with the indicated dose of Nutlin-3a or ABT-737 for 24h. Note that Puma is induced following Nutlin-3a treatment in these cells, but that Mcl-1 is not degraded, even in cells treated with both Nutlin-3a and ABT-737. (D) Nutlin-3a sensitive (Nut S ) or Nutlin-3a resistant (Nut R ) Burkitt lymphoma lines were treated as indicated for 24h with 5uM Nutlin-3a, or 10uM ABT-737 or a combination of the two. Death was evaluated by AnnexinV staining and the summary of three independent experiments is shown. 
